ABSTRACT Aedes aegypti (L.) is the principal mosquito vector of dengue fever, the second-most deadly vector-borne disease in the world. In Ae. aegypti and other arthropod disease vectors, genetic markers can be used to inform us about processes relevant to disease spread, such as movement of the vectors across space and the temporal stability of vector populations. In late 2009, 27 locally acquired cases of dengue fever were reported in Key West, FL. The last dengue outbreak in the region occurred in 1934. In this study, we used 12 microsatellite loci to examine the genetic structure of 10 Ae. aegypti populations from throughout the Florida Keys and Miami to assess gene ßow along the regionÕs main roadway, the Overseas Highway. We also assessed temporal genetic stability of populations in Key West to determine whether the recent outbreak could have been the result of a new introduction of mosquitoes. Though a small amount of geographic genetic structure was detected, our results showed high overall genetic similarity among Ae. aegypti populations sampled in southeastern Florida. No temporal genetic signal was detected in Key West populations collected before and after the outbreak. Consequently, there is potential for dengue transmission across southeastern Florida; renewed mosquito control and surveillance measures should be taken.
The population genetic structure of arthropod vectors is of interest in several contexts relevant to disease control. The degree of genetic differentiation among populations is largely controlled by the amount and distance of gene ßow (migration) among them, and can be inßuenced by factors such as the ecology and behavior of the vector, ecological context of the populations (e.g., continuously distributed vs. patchy), longevity of adults, etc. Epidemiologically important factors relevant to genetic structure include spread of vectors carrying disease organisms, spread of genes for insecticide resistance, spread of released sterility factors, and potential spread of transgenes conferring resistance to disease transmission.
Aedes aegypti (L.) bears the common name "the yellow fever mosquito," but today, it is of increasing medical importance as the major vector of dengue fever as well as Chikungunya. Previous work on the genetic structure of this species has revealed high genetic structure (large genetic differences) among even geographically close populations (Brown et al. 2011a ). More typically, however, signiÞcant genetic differentiation is observed among populations at least 10s of kilometers apart, though this varies greatly among regions of the speciesÕ broad distribution. Given that Ae. aegypti is a human commensal, the degree of human movement (commerce, etc.) has a major inßuence in determining the distance among genetically structured mosquito populations (GorrochoteguiÐEscalante et al. 2000 (GorrochoteguiÐEscalante et al. , 2002 Bosio et al. 2005) . Generally, Ae. aegypti populations in highly populated areas with frequent movement among towns and cities, largely determined by highway systems and other forms of transportation, are less genetically differentiated than populations in rural regions or otherwise isolated areas where humans and their goods rarely move long distances.
In recent years, there have been an increasing number of dengue-infected travelers to the United States; between 2006 and 2008, there were an estimated 574 travel-related introductions of dengue to the United States (Franco et al. 2010) . However, other than a few isolated cases along the TexasÐMexico border, there were no reports of locally acquired dengue cases in the continental United States since 1946 until a September 2009 outbreak in Florida (Trout et al. 2010) . In 2009, there were 27 reported cases of dengue fever, and additional cases were reported in the area in the subsequent year (Trout et al. 2010) . The reemergence of dengue occurred in Key West, FL, the southernmost point of the Florida Keys.
The Florida Keys are an interesting setting in which to study genetic structure of Ae. aegypti; the region is composed of a 160 km one-dimensional linear chain of islands or "keys" (Fig. 1) . These keys are connected by a well-traveled highway (US1) that continues into Miami and the Palm Beach area, and the subtropical climate encourages year-round infestation with Ae. aegypti populations. We have sampled nine Ae. aegypti populations in this chain, along with one mainland Florida sample, Miami, as a comparison. Here, we report the pattern of genetic differentiation determined by 12 highly polymorphic microsatellites, and assess gene ßow along the island chain and temporal genetic stability of populations in Key West before and after the start of the recent outbreak.
Materials and Methods
Mosquito Collections. Ae. aegypti larvae were collected from nine islands spanning the Florida Keys between December 2008 and February 2009 (Table 1 ; Fig. 1 ). The collection cities are located all along the Overseas Highway (US1), the major roadway that connects the archipelago to the mainland (Wilkinson 2011) . Four of the islands are located in the Lower Keys (as deÞned by the 7 mile bridge on US1), including Key West, Stock Island, Big Coppitt Key, and Big Pine Key. Three islands, Vaca Key, Duck Key, and Grassy Key, are considered the Middle Keys. The remaining two islands, Plantation Key and Key Largo, are in the Upper Keys. Collections were also made in Miami, FL, to provide a nearby mainland comparison, and from Key West in 2011 to provide a temporal comparison on that island postdengue outbreak. All collections were taken from various artiÞcial containers of standing water in the area.
Genetic Methods. Genomic DNA was extracted from individual Ae. aegypti mosquito samples using Nucleospin Tissue kits (MachereyÐNagel) and following the manufacturerÕs protocols. Brown et al. (2011a) described the 12 polymorphic microsatellite loci that were used to characterize the genetic make-up of the population samples. Primer sequences and polymerase chain reaction (PCR) conditions used for ampli- Brown et al. (2011a) .
b Previously analyzed in Brown et al. (2011b) .
Þcation of all loci are described in Brown et al. (2011a) and Slotman et al. (2007) . Analyses. All analyses were carried out using data from 12 polymorphic microsatellite loci. The program GENEPOP v4.1 (Rousset 2008 ) was used to test the microsatellite loci in all populations for deviations from HardyÐWeinberg equilibrium (HWE). GENE-POP was also used to test all locus-by-locus pairs in each population for linkage disequilibrium (LD). Markov chain parameters were set at 10,000 dememorizations, 20 batches, and 5,000 iterations per batch for both HWE and LD.
Average allelic richness and private allelic richness for each population were obtained using the program HP-RARE (Kalinowski 2004 (Kalinowski , 2005 . HP-RARE uses rarefaction to correct for sample size. The program sampled 12 individuals (24 allele copies) at random from each population to match the smallest population sample size. A regression of allelic richness on straightline geographic distance from the northernmost site, Miami, was performed to assess whether diversity decreases away from the mainland, down the island chain. The same analysis was performed using private allelic richness.
To assess genetic differences among populations, population pairwise F ST values were calculated in GENEPOP v4.1 (Rousset 2008) . We also calculated chord distances between each pair of populations in Genetix v4.05 (Belkhir et al. 2004) , which were used to create an unrooted neighbor-joining tree in MEGA5 (Tamura et al. 2011 ) to examine genetic clustering among populations based on geography or other factors. The Bayesian clustering method implemented in the program STRUCTURE v. 2.3 (Pritchard et al. 2000) was used to assign individual mosquitoes to genetic groups based on similarity across the 12 microsatellite loci. For the phylogeography, we conducted four independent runs of STRUCTURE for K ϭ 1 through K ϭ 12 on individuals from all 11 Ae. aegypti populations, including both time points (i.e., 2009 and 2011) for Key West. For each run, we used a burn-in value of 100,000 followed by 500,000 iterations, and allowed for admixture and correlated allele frequencies.
Gene ßow among populations was assessed in two different ways. First, isolation by distance was tested using Isolde in GENEPOP, which considers the correlation between genetic differentiation and geographic distance. Next, MIGRATE v3.2.16 (Beerli 1998; Beerli and Felsenstein 1999, 2001 ) was used to examine the directionality and magnitude of gene ßow among six collection sites along the Keys and in Miami using a maximum-likelihood coalescent approach. Preliminary analyses were used to estimate starting parameters for theta and M. The Þnal simulation was run with a Brownian motion model for 20 short chains (50,000 trees sampled) and three long chains (200,000 trees sampled). The Þrst 10,000 steps in each chain were used as a burn-in, and a static heating scheme with four temperatures (1.00, 1.50, 3.00, and 10000.00) was used with a swapping interval of 1. Results were averaged over three replicates.
Results
As expected with previously validated markers, the vast majority of loci were in HWE across most populations. Of 144 population-by-locus tests, seven (Brown et al. 2011a) . Additionally, small sample sizes (Ͻ50) often inßate F ST values. Therefore, it is likely that F ST values are even smaller across the region than those reported here. A small degree of clustering based on geography was apparent in a neighborjoining cluster analysis based on population pairwise chord distances. Mosquito populations from the Lower Keys appeared more genetically similar to each other than to those from the Upper and Middle Keys (plus Miami), which also clustered together ( Fig. 2A) . No geographic patterns were detected using the Bayesian clustering algorithm implemented in the program STRUCTURE (Fig. 2B ). All populations from the Keys, as well as Miami, could not be split into more than one genetic group, and there was no notable genetic change between temporal collections in Key West (Fig. 2B) . Additionally, no signiÞcant pattern of Isolation by Distance was detected (P ϭ 0.761).
Measures of genetic diversity were highest in Miami and Key West, the northernmost and southernmost populations studied (Table 1) . Because of the spike in diversity in Key West, no signiÞcant relationships were detected when AR and PAR for each population were plotted against geographic distance from Miami. However, when Key West was removed from analyses, private allelic richness decreased signiÞcantly (R 2 ϭ 0.635; P ϭ 0.010) moving out from Miami south through the Keys (Fig. 3B) . Although no signiÞcant relationship was detected in standard allelic richness down the Keys, a nearly signiÞcant (R 2 ϭ 0.392; P ϭ 0.071) trend was found (Fig. 3A ).
An analysis of migration in the program MIGRATE supported patterns detected in analyses of allelic richness through space. Though migration in this analysis was detected up and down the Keys with little apparent directionality, the magnitude of migration was much higher between Miami and Key West (in both directions) than to or from intermediate points (Fig. 4 , full migration matrix in Supp. Table 3 [online only]).
Discussion
Taken together, the data suggest high genetic similarity among Ae. aegypti populations throughout the Florida Keys and southeast Florida. Our results are indicative of high levels of gene ßow up and down the island chain. Considering Ae. aegypti mosquitoes only ßy 10 Ð 800 m in the course of their lifetimes (da CostaÐ Ribeiro et al. 2007) , passive migration, such as road transport along the Overseas highway, likely explains these patterns. The analysis of migration, along with observed patterns of genetic diversity, suggest that increased gene ßow among Ae. aegypti populations occurs between Miami and Key West, the northernmost and southernmost points of our study. High levels of tourist and commercial (i.e., trucks) trafÞc between these two points may largely explain our Þndings. Additionally, many of the islands between the mainland and Key West, particularly the Middle Keys, have relatively few microhabitats for Ae. aegypti because of small island size and patterns of land use, and consequently have more effective mosquito control. Therefore, the mosquito populations in these areas are likely smaller, lower in genetic diversity, and generally more isolated from gene ßow from both Key West and the mainland.
The neighbor-joining cluster plot revealed a slight association of genetic structure with geography among the Florida Keys Ae. aegypti populations ( Fig.  2A) . Again, trafÞc patterns may help to elucidate these weak geographic relationships. For example, there is considerable commuter travel within the Lower Keys between Key West and islands north up to Big Pine Key. It is, however, important to reemphasize that these signals of geographic differentiation are weak, and there is high overall similarity among Ae. aegypti populations in southeast Florida.
In addition to the Þndings of genetic similarity from the STRUCTURE plot, correlation between genetic structure and geographic distances was not supported by the isolation by distance model. Overall, the data demonstrate that the relatively large geographic distance between Key West and Miami does not prove to be a migratory barrier for Ae. aegypti populations, but it does not rule out some inßuence of geography on the genetic structure of Florida Keys populations. Additionally, the STRUCTURE plot and a low pairwise F ST (0.0274) indicate that mosquitoes collected in Key West post dengue outbreak (2011) are genetically very similar to those collected in early 2009, before the emergence of the disease. Therefore, it is unlikely that an introduction of more competent mosquitoes from elsewhere was linked to the emergence of dengue in the region.
The relative genetic homogeneity of Ae. aegypti populations in the region suggests that gene ßow, and therefore migration of mosquitoes, is common in South Florida. For future research on the source of the virus in the region, examination of Ae. aegypti populations from locations in direct trade with Key West may be informative. Furthermore, our analyses of migration suggest that there is high potential for movement of mosquitoes and disease from Key West straight into the urban hub of Miami. Future studies of vector competence, ecology, and control would be an excellent step toward understanding Ae. aegypti population dynamics and the potential for dengue spread in Florida.
Overall, the Þndings of this study suggest that a risk for dengue viral infection may exist for Floridians and other Americans, and as such, renewed prevention measures should be taken. The results support revived mosquito surveillance and control programs in Key West, FL, and beyond. In addition, increased awareness of dengue among American health practitioners and the wider American public may be a crucial to improve treatment and reporting of the disease. Because few cases of dengue fever have been reported outside of Key West, it remains to be seen whether migration of Ae. aegypti in parts of Florida will contribute to future dengue outbreaks in those regions.
